Pulses of sub-6-fs duration have been obtained from a Kerr-lens mode-locked Ti:sapphire laser at a repetition rate of 100 MHz and an average power of 300 mW. Fitting an ideal sech 2 to the autocorrelation data yields a 4.8-fs pulse duration, whereas reconstruction of the pulse amplitude prof ile gives 5.8 fs. The pulse spectrum covers wavelengths from above 950 nm to below 630 nm, extending into the yellow beyond the gain bandwidth of Ti:sapphire. This improvement in bandwidth has been made possible by three key ingredients: carefully designed spectral shaping of the output coupling, better suppression of the dispersion oscillation of the doublechirped mirrors, and a novel broadband semiconductor saturable-absorber mirror. © 1999 Optical Society of America OCIS codes: 320.7090, 320.0320, 320.5540, 140.3590. Previously, to our knowledge the shortest pulses directly from a laser oscillator, with durations of 6.5 fs, 1 have been obtained from a Kerr-lens modelocked Ti:sapphire laser with double-chirped mirrors (DCM's), 2 together with a prism pair for dispersion control. It has been shown that broadband semiconductor saturable-absorber mirrors 3 (SESAM's) provide a reliable mode-locking mechanism, with mode-locking buildup times down to 60 ms.
Previously, to our knowledge the shortest pulses directly from a laser oscillator, with durations of 6.5 fs, 1 have been obtained from a Kerr-lens modelocked Ti:sapphire laser with double-chirped mirrors (DCM's), 2 together with a prism pair for dispersion control. It has been shown that broadband semiconductor saturable-absorber mirrors 3 (SESAM's) provide a reliable mode-locking mechanism, with mode-locking buildup times down to 60 ms. 4 Moreover, SESAMassisted Kerr-lens mode locking (KLM) relaxes the tight constraints on cavity alignment that are required for pure KLM.
In this Letter we demonstrate sub-6-fs pulses at an average output power of 300 mW (Fig. 1) . The pulse spectrum covers wavelengths from above 950 nm to below 630 nm, with some clearly visible spectral content in the yellow. This extreme spectral width has been achieved by optimized spectral shaping of the outputcoupling mirror (OC). The resonator is a standard 100-MHz X cavity with 10-cm-radius folding mirrors and a 2.3-mm Ti : sapphire crystal with 0.25-wt. % doping (see Fig. 2 ). Except for the OC, only broadband DCM's are used in the cavity, so the spectrum is not restricted by the limited bandwidth of standard femtosecond coatings. We have used either a novel ultrabroadband OC with a f lat transmission curve or an OC designed specif ically for spectral shaping. The DCM's, together with a pair of fused-silica Brewster prisms for adjustment, compensate for the intracavity dispersion. A new broadband SESAM is used to stabilize the Kerr-lens mode-locked operation over a broader range of cavity parameters.
The DCM's were fabricated with optically monitored ion-beam sputtering, and their dispersion was characterized by white-light interferometry. Unlike the DCM's used in the study reported in Ref. 4 , we use improved coatings of broader bandwidth, based on both better growth control and an expanded analytical design theory. 5 However, the group-delay dispersion (GDD) of broadband DCM's generally oscillates around the target GDD. The combined action of GDD and self-phase modulation inside the cavity provides a mechanism for spectral energy transfer, concentrating energy spectrally at the minima of the intracavity GDD. 6 Comparison of the net cavity GDD [ Fig. 3(b) ] with the mode-locked spectrum ± and 20 ± p-polarized incidence and ( b) round trip through both resonator arms, separately and through the total cavity, as calculated from the measured GDD of the individual components. (Fig. 4) confirms this trend. The four peaks of the power spectrum correspond to the minima of the overall GDD. The peaks in the spectrum become more pronounced with stronger GDD oscillation at long wavelengths. Ultimately, GDD poses a barrier at ϳ950 nm to further extension of the spectrum. To reduce detrimental GDD oscillations we carefully choose the incidence angle of folding mirror M4 to shift the GDD characteristics of the DCM coating [ Fig. 3(a) ]. Consequently, four DCM's can be combined without excessive GDD variation, allowing for extremely short pulses (in Refs. 1 and 4 only one and two DCM's, respectively, were used). The DCM's are placed in the cavity in such a way that the negative GDD is equally distributed on both sides of the Ti : sapphire crystal. This distribution allows the laser pulse to have the minimum chirp at both passes through the crystal, as well as at the OC and the SESAM.
The pulses are stabilized by a novel low-finesse antiresonant Fabry -Perot-type SESAM that consists of a silver bottom mirror, followed by a 58-nm-thick AlAs spacer layer and three absorbing layers: 11 nm of GaAs, 20 nm of In 0.22 Ga 0.78 As, and 4 nm of GaAs at the top (Fig. 2) . The InGaAs quantum well provides absorption for wavelengths l , 1.05 mm, and the GaAs layers add absorption for l , 870 nm; see Fig. 5 . The modulation depth is DR ഠ 4% over a bandwidth of 400 nm, significantly broader than in Ref. 4 . We measured a saturation f luence F sat ഠ 180 mJ͞cm 2 and an absorber recovery time t ഠ 2.6 ps because of carrier trapping and recombination. Unlike in pure KLM, the cavity alignment and the starting of the pulsed operation are signif icantly simplified by the SESAM. The laser runs for many hours with little change in power or pulse width. Moreover, KLM can be sustained over a relatively wide range of cavity parameters. This allows us to work in a region characterized by superior beam quality and higher average output power than with pure KLM without a SESAM.
We performed experiments with two customdesigned OC's, one with increased transmission in the spectral wings and an ultrabroadband OC with almost constant transmission from 650 nm to 1.1 mm (Fig. 5 ). Although both OC's produce essentially the same intracavity spectrum, spectral shaping of the output coupling allows for significant broadening of the extracavity spectrum without affecting the intracavity spectrum (Fig. 4) . So far, characterization of the shortest pulses has relied mainly on a sech 2 fit to the measured autocorrelation. Using a least-squares fit to the central part of the autocorrelation, shown in Fig. 1 , we determine a 4.8-fs sech 2 pulse width. However, Fourier transformation of the spectrum yields a lower boundary of 5.3 fs for the pulse width. To achieve a more realistic estimate that is not biased by the choice of a particular pulse shape, we employ an iterative algorithm to reconstruct pulse amplitude and phase from both autocorrelation and spectrum. 7 This algorithm gives a pulse duration of 5.8 fs (inset of Fig. 1) .
In addition, we use frequency-resolved optical gating 8 to characterize our pulses. Frequency-resolved optical gating also yields a 5.8-fs pulse, after correcting for the limited temporal resolution that is due to the noncollinear geometry. 9, 10 We are forced to use a relative large crossing angle of 2.4
± between the beams at a spot size of 55 mm to avoid interference. Assuming Gaussian spatiotemporal beam prof iles, this leads to 1-fs blurring of the 5.8-fs pulse (see Fig. 1 ).
For most applications of ultrashort pulses, the exact pulse shape and duration are not a concern. Limitations arise owing to either autocorrelation width (e.g., in ultrafast pump -probe spectroscopy) or spectral width (e.g., in optical coherence tomography). In both these respects the pulses reported here are record breaking, with an autocorrelation width below three fringes (corresponding to a 4.8-fs sech 2 pulse) and a spectrum spanning more than 170 THz. These are the key numbers that should be used in comparing these results with previously published work, while the actual pulse width is 5.8 fs, as discussed above. To our knowledge, this result represents the shortest wellcharacterized pulses with the broadest bandwidth ever reported directly from a mode-locked laser. Shorter pulses have been generated extracavity at lower repetition rates only by nonlinear spectral broadening and subsequent compression. 10, 11 Future efforts will concentrate on new DCM's and improved OC's that allow for less-modulated spectra of similar bandwidth.
As demonstrated in this Letter, spectral shaping of the output coupling can be used as a very efficient way to produce shorter pulses and to extend the spectrum of mode-locked pulses beyond the gain bandwidth. With the entire gain bandwidth of Ti:sapphire, an intracavity pulse of ഠ5-fs duration can be generated. In this ultimate situation, similar spectral shaping would result in a sub-4-fs pulse width. This result clearly shows that, even with the sub-6-fs pulses reported in this Letter, there is still some potential for shorter pulses and that the ultimate limit for Ti:sapphire lasers has not yet been reached. This work was supported by the Swiss National Science Foundation. D. H. Sutter's e-mail address is sutter@iqe.phys.ethz.ch.
Note added in proof:
Recently, Morgner et al. 12 also obtained pulses in the two-cycle regime from a similar laser including DCM's but without a SESAM. While the FWHM of their IAC was slightly narrower, the larger wings indicate stronger energy content in prepulses and (or) postpulses.
We have recently obtained pulses with spectral bandwidths of 410 nm and a Fourier-transform limit of 4.9 fs. For these pulses, however, the measured IAC's indicate a larger residual chirp in the spectral wings, owing to stronger self-phase modulation in the laser crystal and to the limited bandwidth of the extracavity dispersion compensatin setup.
